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Abstract
Apolipoprotein E deficient mice have distinct memory deficits and neurochemical derangements and their recovery from
closed head injury is impaired. In the present study, we examined the possibility that the neuronal derangements of
apolipoprotein E deficient mice are associated with oxidative stress, which in turn affects their ability to recover from close
head injury. It was found that brain phospholipid levels in apolipoprotein E deficient mice are lower than those of the
controls (55 þ 15% of control, P6 0.01), that the cholesterol levels of the two mice groups are similar and that the levels of
conjugated dienes of the apolipoprotein E deficient mice are higher than those of control mice (132 þ 15% of P6 0.01).
Brains of apolipoprotein E deficient mice had higher Mn-superoxide dismutase (134 þ 7%), catalase (122 þ 8%) and
glutathione reductase (167 þ 7%) activities than control (P6 0.01), whereas glutathione peroxidase activity and the levels of
reduced glutathione and ascorbic acid were similar in the two mouse groups. Closed head injury increased catalase and
glutathione peroxidase activities in both mouse groups, whereas glutathione reductase increased only in control mice. The
superoxide dismutase activity was unaffected in both groups. These findings suggest that the antioxidative metabolism of
apolipoprotein E deficient mice is altered both prior to and following head injury and that antioxidative mechanisms may
play a role in mediating the neuronal maintenance and repair derangements of the apolipoprotein E deficient mice. ß 1999
Elsevier Science B.V. All rights reserved.
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1. Introduction
Genetic studies suggest that the apolipoprotein E
(apoE) genotype is a major risk factor for Alzheim-
er’s disease (AD) and that the allele apoE4, which is
the AD risk factor, exerts its e¡ects by markedly
lowering the age of onset of this disease [1].
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ApoE de¢cient (knockout) mice [2] are a useful
model for studying the role of apoE in neuronal
function, maintenance and repair. Indeed, age-de-
pendent decreases of synaptic density in distinct
brain areas of apoE de¢cient mice have been demon-
strated [3].It was also shown that apoE de¢cient mice
have memory impairments and speci¢c derangements
in basal forebrain cholinergic neurons, which are as-
sociated with decreased choline acetyltransferase
levels in the hippocampus and cortex [4] and with
hyperphosphorylation of the cytoskeletal protein
tau [5]. Closed head injury experiments revealed
that apoE de¢cient mice are particularly susceptible
to head trauma and that their ability to recover neu-
rological and cognitive functions following this in-
jury is impaired. Furthermore, histopathological ex-
amination of the injured mice revealed more
pronounced neuronal death in the hippocampus of
the injured apoE de¢cient mice as compared to the
controls [6].
Oxidative stress, namely an imbalance between
production of reactive oxygen species (ROS) and
their scavenging by antioxidants, plays a major role
in neuronal damage elicited by various head injuries
[7,8]. Indeed, it was recently shown [9] that apoE
de¢cient mice are impaired in their ability to replen-
ish the reducing low molecular weight antioxidants
which are oxidized following induction of closed
head injury, suggesting that the increased susceptibil-
ity of the apoE de¢cient mice to closed head injury
may be related to alterations and imbalances in their
antioxidant system.
The working hypothesis of this study is that the
neuronal derangements of apoE de¢cient mice are
associated with altered antioxidant levels which in
turn a¡ect the ability of the mice to recover from
close head injury. This hypothesis was presently as-
sessed by measurements of the levels of distinct anti-
oxidant enzymes and of low molecular weight anti-
oxidants in brains of apoE de¢cient mice, both prior
to and following closed head injury. The parameters
measured include superoxide dismutase (SOD) and
catalase, the glutathione metabolized enzymes, gluta-
thione peroxidase (GPX), glutathione reductase
(GR) and glutathione transferase (GST), as well as
the low molecular weight antioxidants, ascorbic acid
and reduced glutathione (GSH).
2. Materials and methods
2.1. Closed head injury
4 months old apoE de¢cient male mice (W23 g)
and a matched group of control mice from the same
original parent litter [2] were used in this study.
Closed head injury to the indicated number of
apoE de¢cient and control mice was produced under
anesthesia according to Shapira et al. [10], as modi-
¢ed by Chen et al. [11]. Accordingly, a weight drop
device was employed in which a calibrated weight
(333 g) was allowed to fall from a height of 3 cm
onto the exposed skull, over the left cervical hemi-
sphere, 1^2 mm lateral to the midline of the midcoro-
nal plane. Following recovery from anesthesia, the
mice were returned to their home cages with free
access to food and water. In addition, parallel groups
of apoE de¢cient and control mice were anaesthe-
tized, their skulls were exposed but no trauma was
induced. These mice served as sham controls. Histo-
logical examinations of the brains of the 4 months
old apoE de¢cient mice prior to closed head injury
revealed,in accordance with previous observations,
no apparent cellular or vascular pathology.
2.2. Preparation of brain homogenates
Brains of closed head-injured and sham-treated
mice were removed by decapitation prior to and
5 min, 4 h and 24 h after head trauma (n = 6 for
each group of mice at each time point). The left
cortical hemisphere was then rapidly excized,
promptly frozen in liquid nitrogen and stored at
370‡C until used. For preparation of homogenates,
the brains were thawed and homogenized by an
Omni EZ connect homogenizer (Omni International)
at 4‡C in 50 mM potassium phosphate pH 7.4, which
contained 1 mM PMSF, 1 Wg/ml leupeptin and 1 mM
EDTA. 20% of the extract was used immediately for
measurements of low molecular weight antioxidants
(see below), whereas the remaining extracts were cen-
trifuged at 4‡C at 150 000Ug for 1 h. The resulting
supernatant was used for the enzymatic assays
whereas the pellet was used for determination of con-
jugated dienes and for lipid content analysis. The GR
and GPX assays were performed within 2^3 h fol-
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lowing homogenization. The remaining supernatant
was stored overnight at 4‡C and than used for assay-
ing catalase, G-6-PD, SOD and GST.
2.3. Measurement of low molecular weight
antioxidants
Freshly prepared brain homogenates were treated
with 10% metaphosphoric acid by adding 200 Wl of
15% metaphosphoric to 100 Wl homogenate and were
then centrifuged for 5 min at 10 000Ug. The result-
ing supernatant was used for measurements of GSH,
total glutathione and ascorbic acid as described bel-
low.
2.4. GSH and ascorbic acid measurements
GSH was assayed by the glutathione assay kit
(Calbio-chem-Novabiochem, San-Diego, CA, USA
(CATALASE)). Total glutathione (GSH+oxidized
glutathione (GSSG)) was determined according to
Adams et al. [12], using 5,5-dithiobis-2-nitrobenzoic
acid (DTNB) and glutathione reductase. GSSG levels
were calculated by subtracting the measured GSH
levels from those of the total glutathione.
Ascorbic acid was assayed according to Motchnic
et al. [13] by HPLC equipped with a C-18 column
(Merck) and an electrochemical detector (BAS CC-5
model, West Lafayet, IN, USA). The solvent system
was acetate bu¡er 40 mM, pH = 4.78.
2.5. Enzyme assays
Glutathione reductase was assayed spectrophoto-
metrically by monitoring the NADPH oxidation at
340 nm according to Carlberg and Mannervik [14].
One unit of enzyme activity corresponds to the re-
duction of 1 Wmol GSSG/min.
GPX was determined spectrophotometrically ac-
cording to Floh and Gunzler [15] with t-butyl hydro-
peroxide as substrate. One unit of enzyme activity
corresponds to the oxidation of 1 Wmol GSH/min.
GST was determined spectrophotometrically ac-
cording to Habig et al. [16] using 10-chloro-2,4-dini-
trophenol as substrate. One unit of enzyme activity
corresponds to the binding of 1 Wmol GSH/min.
Catalase was determined polarographically accord-
ing to Hochman and Shemesh [17] using an oxygen
electrode (YSI, Yellow Springs, OH, USA) with
20 mM hydrogen peroxide as substrate. One unit
of enzyme activity corresponds to the release of
1 Wmol O2/min.
G-6-PD was determined spectrophotometrically by
following the NADPH formation at 340 nm, accord-
ing to Ben-Bassat and Goldberg [18]. One unit of
enzyme activity corresponds to the production of
1 Wmol NADPH/min.
SOD. Brain homogenates were sonicated (3U15 s,
Ultrasonic processor) in the presence of 1% Triton
X-100 to disrupt the mitochondria and release Mn-
SOD, after which the treated homogenate was cen-
trifuged at 150 000Ug for 60 min. The total SOD
activity in the resulting supernatant was then meas-
ured spectrophotometrically, by monitoring the in-
hibition of nitrite formation from hydroxylammo-
nium chloride at 550 nm, as described by Pattichis
et al. [19] The Mn-SOD activity was determined by
the same method, but in the presence of potassium
cyanide (10 mM) which completely inhibits Cu/Zn-
SOD. The Cu/Zn-SOD activities were then calculated
by subtracting that of the Mn-SOD from the total
SOD activity. Puri¢ed SOD (5500 U/mg) obtained
Table 1
Phospholipids, cholesterol and conjugated dienes levels in apoE de¢cient and control mice
Measured parameter Control ApoE de¢cient mice
Total phospholipids (Wg/mg protein) 262 þ 46 144.3 þ 29 **
Conjugated dienes/phospholipids (nmol/mmol) 10.3 þ 1.2 13.6 þ 2.0 *
Free cholesterol (Wg/mg protein) 160 þ 30 132 þ 20
Cholesterol/phospholipids (Wg/Wg) 0.62 þ 0.05 0.98 þ 0.14**
Total phospholipids, conjugated dienes and non-esteri¢ed cholesterol in brains of apoE de¢cient and control mice were measured, as
described in Section 2. Results presented are mean þ S.D. of six mice in each group.
*Signi¢cantly di¡erent from control mice, P6 0.05. **Signi¢cantly di¡erent from control mice, P6 0.01.
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from Biotechnology Rehovot (Israel) was used as
standard.
Occasionally, the brain tissues were slightly hemo-
lytic and the resulting tissue homogenates thus con-
tained some enzymes that originated from red blood
cells. In order to account for this possibility, the
following control assays were performed. Enzyme
activities were assayed in red blood cells hemolysates
according to a standard method and expressed per
mg hemoglobin. Quanti¢cation of the extent in¢ltrat-
ing red blood cells to the brain homogenates was
performed by assaying hemoglobin in the tissue ho-
mogenates. The enzyme activities which contributed
by erythrocytes were than calculated and were sub-
tracted from the total observed enzyme activity. In
most cases this correction amounted to less than 10%
of the total measured activities.
2.6. Lipid analysis
The 150 000Ug pellet of the crude homogenate
was extracted by a mixture of chloroform:methanol
(2:1, v/v), followed by the addition of water (1 vol-
ume), as originally described by Bligh and Dyer [20].
The chloroform fraction was then evaporated and
the remaining residue was re-suspended in 1 ml hex-
ane. The levels of conjugated dienes in the resulting
hexane solution were than measured spectrophoto-
metrically at 234 nm, utilizing a molar extinction
coe⁄cient of O= 24 600 [21]. The hexane was then
evaporated under nitrogen after which the resulting
residue was dissolved in 200 Wl ethanol and used for
the determination of non-esteri¢ed cholesterol and
total phospholipid levels.
Non-esteri¢ed cholesterol (free cholesterol) levels
were determined utilizing the F-chol kit (Boeringer
Manheim, Germany) with free cholesterol (Sigma) as
a standard.
Total cholesterol (esteri¢ed cholesterol) levels were
determined by utilizing the T-chol kit (Boeringer
Manheim, Germany) with cholesterol ester as a
standard.
Total phospholipid levels were determined accord-
ing to Fiske and Subbarow [22], with sodium phos-
phate as a standard.
The protein concentration was determined using
the bicinchoninic acid protein assay kit, from Pierce
(Rockford, IL, USA).
Fig. 2. Comparison of the levels of glutathione metabolizing en-
zymes in brains of apoE de¢cient and control mice. The levels
of GPX, GR, GST in freshly prepared crude homogenates of
control (¢lled bars) and apoE de¢cient mice (hatched bars)
were determined, as described in Section 2. Results
(mean þ S.D. of six mice per each group) are presented as per-
centage of the mean control values. 100% GPX = 34 U/mg,
100% GR = 72 U/mg, 100% GST = 1.6 U/mg. *Signi¢cantly dif-
ferent from control, P6 0.01. **Signi¢cantly di¡erent from con-
trol, P6 0.005.
Fig. 1. Comparison of brain Mn- and Cu/Zn-SOD and of cata-
lase (CAT) levels of apoE de¢cient and control mice. Enzymatic
activities in freshly prepared cortical homogenates of control
(¢lled bars) and apoE de¢cient mice (hatched bars) were deter-
mined as described in Section 2. Results (mean þ S.D. of six
mice per each group) are presented as percentage of the mean
control values. 100% Mn-SOD = 7.97 U/mg, 100% Cu/Zn-
SOD = 89 U/mg, 100% catalase = 3.4 U/mg. *Signi¢cantly di¡er-
ent from control, P6 0.05. **Signi¢cantly di¡erent from con-
trol, P6 0.01.
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Statistical analysis. All biochemical data were sub-
jected to statistical analysis using two way ANOVA
followed by a multiple comparisons test comparing
the individual enzyme levels. Data are expressed as
mean þ S.D. and P values of 0.05 or less were con-
sidered as signi¢cant.
3. Results
The possibility that apoE de¢cient mice are at a
chronic state of oxidative stress was examined by the
assessment of the levels of distinct brain antioxidant
enzymes and oxidation products. The brain levels of
Mn-SOD, Cu/Zn-SOD and catalase activities of con-
trol and apoE de¢cient mice are depicted in Fig. 1.
As can be seen, the activity of Mn-SOD, which is the
Fig. 3. The e¡ects of closed head injury on brain GPX and GR activities of apoE de¢cient and control mice. GPX and GR activities
of brain homogenates of sham (¢lled bars) and closed head injury treated (hatched bars) control (A) and apoE de¢cient (B) mice
were measured 24 h following head injury, as described in Section 2. Results are mean þ S.D. of six mice per group. **Signi¢cantly
di¡erent from control, P6 0.01.
Fig. 4. The e¡ects of closed head injury on brain catalase (CAT) and SOD activities of apoE de¢cient and control mice. Catalase and
Cu/Zn-SOD activities of brain homogenates of sham (¢lled bars) and closed head injury treated (hatched bars) control (A) and apoE
de¢cient (B) mice were measured 24 h following head injury, as described in Section 2. Results (mean þ S.D. of six mice per each
group) are presented as percentage of the mean of the untreated control group. 100% Catalase = 3.4 U/mg, 100% Cu/Zn-SOD =
89 U/mg. ***Signi¢cantly di¡erent from untreated control group, P6 0.005. **Signi¢cantly di¡erent from untreated control group,
P6 0.01.
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mitochondrial isoenzyme, was signi¢cantly higher in
brains of the apoE de¢cient mice group than in those
of the controls (134 þ 7% of control, P6 0.01). Sim-
ilarly, the activity of Cu/Zn-SOD, which is a cyto-
solic enzyme, was also higher in brains of apoE
de¢cient mice (122 þ 8% of control, P6 0.05). Fur-
thermore, catalase, whose function is to remove hy-
drogen peroxide, was also more active in the brains
of the apoE de¢cient mice (134 þ 6% of control,
P6 0.01).
The levels of glutathione metabolizing enzymes in
the brains of the two mice groups are presented in
Fig. 2. As can be seen, of the two peroxide scaveng-
ing enzymes, the level of GST was lower in the apoE
de¢cient mice (62 þ 4% of control, P6 0.01), whereas
the GPX activity of these mice was slightly, though
not signi¢cantly, higher than that of the controls
(114 þ 15% of control). In contrast, the GR activity,
whose function is to replenish GSH, was markedly
higher in the apoE de¢cient mice (167 þ 7% of con-
trol, P6 0.005). The activity of brain G-6-PD, the
enzyme which produces the reducing power for
GR, was also higher in the apoE de¢cient mice
than in the controls (respectively, 75.8 þ 8.7 and
60.4 þ 1.7 U/mg).
In order to assess whether the observed di¡erences
are related to lack of apoE and are not due to acci-
dental strain di¡erences, we measured the levels of
antioxidative enzymes in the parental strains. As
apoE de¢cient and control mice di¡ered mainly in
their SOD and GR activities (see Figs. 1 and 2),
the experiments focused on these enzymes. The re-
sults obtained revealed that the parental strains
C67BL/6 and OLA129 contain respectively
103 þ 9.5 and 99 þ 11% of the control total SOD lev-
els and that the corresponding GR activities were
89 þ 12 and 111 þ 10% of the control (n = 5 in each
mouse strain). There were no signi¢cant di¡erences
(Ps 0.01) between the enzymes activities of the pa-
rental strains and those of the control mice.
Measurements of brain levels of low molecular
weight antioxidants revealed no di¡erences between
the apoE de¢cient and control mice in the levels of
either GSH (respectively, 14.8 þ 1.4 and 15 þ 1.1
nmol/mg protein) or ascorbic acid (respectively,
51 þ 4 and 47.8 þ 7 nmol/mg protein).
The possibility that the observed alterations in
antioxidant levels in the apoE de¢cient mice are as-
sociated with chronic oxidative stress was investi-
gated by measurements of the relative levels of con-
jugated dienes in brain membranes of the two mice
groups. As shown in Table 1, the total brain mem-
branes of apoE de¢cient mice contained 45% less
brain phospholipids per protein than did those of
Fig. 5. The e¡ect of closed head injury on ascorbic acid levels in brains of apoE de¢cient and control mice. Control (¢lled bars, panel
A) and apoE de¢cient (hatched bars, panel B) mice were either subjected to closed head injury or sham-treated as described in Section
2. Results presented are the mean þ S.D. of six mice per group. *Signi¢cantly di¡erent from corresponding sham group, P6 0.05.
**Signi¢cantly di¡erent from corresponding sham group, P6 0.01.
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the control mice and 30% higher levels of conjugated
dienes per phospholipids. Interestingly, the levels of
brain membrane cholesterol of the two mice groups
were similar, which resulted in a higher cholesterol/
phospholipids molar ratio in the apoE de¢cient mice,
as compared to that of the controls (Table 1).
The e¡ects of head injury on the antioxidant con-
tent and oxidation products of the injured cortical
hemisphere of apoE de¢cient and control mice were
investigated 24 h after closed head injury. Accord-
ingly, the levels of oxidation products were assessed
by measurements of the levels of brain-conjugated
dienes, prior to and following injury. This revealed
that closed head injury elevated brain-conjugated di-
enes levels in both apoE de¢cient mice (from
13.6 þ 2.0 to 16.7 þ 0.7 nmol/mmol) and control
mice (from 10.3 þ 1.2 to 15.5 þ 0.6 nmol/mmol) and
that the resulting levels of conjugated dienes of the
two mice groups were similar.
Head trauma induced signi¢cant (P6 0.01) in-
creases in the GPX and GR activities of the control
mice (respectively, from 33.9 þ 3.6 to 73 þ 11.4 U/mg
and from 72 þ 7.6 to 100 þ 3.4 U/mg, P6 0.01) (Fig.
3). However, whereas the GPX activity of the apoE
de¢cient mice also increased following head injury
(from 38.5 þ 6.9 to 75 þ 16 U/mg), their GR activity
decreased slightly (Fig. 3). Further enzymatic meas-
urements revealed that the GST activity of the con-
trol group decreased signi¢cantly by 39 þ 11%, from
1.6 þ 0.18 to 0.97 þ 0.1 U/mg (P6 0.05), whereas that
of the apoE de¢cient mice decreased only slightly
and not signi¢cantly, from 1.25 þ 0.07 to 1.07 þ
0.01 U/mg. The brain G-6-PD activity of the control
mice was not a¡ected by head trauma, whereas that
of the apoE de¢cient mice decreased (from 75.8 þ 8.8
to 58.9 þ 3.8 mU/mg (P6 0.05). Fig. 4 depicts the
e¡ects of closed head injury on brain catalase and
Cu/Zn-SOD levels of the two mice groups. As can be
seen, catalase activities of the control and apoE de-
¢cient groups increased following head injury to
200 þ 40 and 170 þ 34% of the respective sham-
treated mice, whereas their Cu/Zn-SOD activities de-
creased to respectively, 75 þ 3.0 and 70 þ 17% of the
sham controls. Thus the catalase and Cu/Zn-SOD
activities of the two mice groups were similarly af-
fected by head injury.
The possibility that closed head injury has a di¡er-
ential e¡ect on the levels of low molecular weight
antioxidants was examined by measurements of the
levels of ascorbic acid and glutathione in the two
mice groups at varying time intervals following in-
jury. As shown in Fig. 5, the levels of brain ascorbic
acid of the two mice groups were both markedly
reduced at 5 min post injury and were not signi¢-
cantly changed up to 24 h post injury (Fig. 5). The
levels of reduced glutathione of the apoE de¢cient
and control mice, measured 24 h post injury, were
similarly and signi¢cantly reduced to 75 þ 5% of the
untreated groups. By contrast, the levels of GSSG,
which comprises 1^2% of the total GSH, were not
signi¢cantly changed, suggesting that there is no dif-
ference in either total or reduced glutathione levels of
the two injured mice groups.
4. Discussion
The present study examined the possibility that the
derangements in neuronal maintenance and repair of
apoE de¢cient mice are related to alterations in anti-
oxidant mechanisms. This was performed by meas-
urements, prior to and following closed head injury,
of the levels of antioxidant enzymes, of low molec-
ular weight antioxidants and of parameters of oxida-
tive damages, in brains of apoE de¢cient mice and
control mice. The results obtained revealed consis-
tent di¡erences prior to head injury between brain
activities of antioxidant enzymes of apoE de¢cient
mice and controls, but that the two mice groups
contain similar levels of low molecular weight anti-
oxidants. Closed head injury induced similar changes
in the levels of antioxidant enzymes and of ascorbic
acid and glutathione of the two mice group.
The observed increases in basal levels of Mn-SOD,
GR and catalase of the apoE de¢cient mice (Figs. 1
and 2) are similar to those previously observed in
animal models under chronic stress situations, such
as during aging [23] and in Bcl-2 de¢cient mice [24],
as well as in human diseases such as AD, Parkinson’s
disease and other neurodegenerative diseases [25^28].
The important result that the brain levels of antiox-
idative enzymes in the parental mice strains, OLA129
and C57BL/6, were the same and similar to those of
the control mice suggests that the presently observed
brain enzymatic changes and chronic oxidative stress
of the apoE de¢cient mice are indeed related to the
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lack of apoE itself and are not a result of accidental
strain di¡erences. The assertion that apoE de¢cient
mice are under chronic oxidative stress, is also sup-
ported by the observed elevated levels of conjugated
dienes and by the recent report that these mice con-
tain elevated levels of 3-nitrotyrosin [29].
ApoE, the main lipoprotein and lipid transporter
in the brain [30], plays an important role in mem-
brane biosynthesis and in neurite outgrowth [31,32].
Thus, it is possible that apoE de¢ciency results in
compositional and structural alterations in brain
membranes, which in turn a¡ect the stability of the
mitochondria and result in electron leakage and in
the release of reactive oxygen species. The present
¢nding that the ratio of cholesterol to phospholipids
of brain membranes in the apoE de¢cient mice is
elevated (Table 1) is consistent with the above inter-
pretation, as such changes are known to increase the
membrane sensitivity to reactive oxygen species [33^
36]. An alternative mechanism for explaining the in-
creased oxidative susceptibility of the apoE de¢cient
mice is based on the recent ¢ndings that apoE can
act as an antioxidant [9,37,38] possibly by function-
ing as an iron chelator [38]. Accordingly, it is possi-
ble that in the absence of apoE, there is an increase
in the levels of free iron, which in turn triggers the
production of reactive oxygen species [8,39].
Closed head injury increased the levels of GPX,
GR and catalase in control mice. By contrast, in
the apoE de¢cient mice only GPX and catalase ac-
tivities were so increased (Figs. 3 and 4), whereas the
GR activity was una¡ected (compare Fig. 3A to B).
Since the GR activity of the apoE de¢cient mice is
already elevated prior to head injury (Fig. 2) it is
possible that it is already maximally elevated and
thus cannot be further activated by the head injury.
Increases in antioxidant enzyme activities have also
been observed in other experimental models which
involve oxidative stress [40]. These changes may be
due to phagocytic activity, as well as to intrinsic
neuronal responses, and are believed to represent a
protection response, whereby they accelerate removal
of free radicals. Accordingly, the antioxidant protect-
ing responses of the apoE de¢cient and control mice
following head injury are similar (see Figs. 3 and 4)
and override the more subtle enzymatic di¡erences
between the two mice groups which were existed pri-
or to head injury (see Figs. 1 and 2).
It was previously shown, utilizing cyclic voltamme-
try measurements, that the two mice groups contain
similar levels of total reducing compounds and that
closed head injury results in the depletion of these
compounds, which subsequently recover in control
but not in apoE de¢cient mice [9]. The oxidation
potential peak of ascorbic acid is about 400 mV.
However, since the 400 mV oxidation peak of the
two mice groups recovered more rapidly and exten-
sively following closed head injury [9] than did the
ascorbic acid levels (Fig. 5), it is likely that the 400
mV cyclic voltammetry peaks also detect changes in
brain low molecular weight antioxidants other than
ascorbic acid [41,42]. The impaired ability of the
apoE de¢cient mice to regenerate antioxidants fol-
lowing head injury is probably not due to di¡erences
in antioxidative enzyme activities, whose levels in the
two mice groups are similar following trauma (Figs.
3 and 4). It may, however, be due to impairments in
recycling of unidenti¢ed reducing agents, other than
ascorbic acid and glutathione. Alternatively, it may
be directly linked to apoE, which was recently shown
to be an antioxidant [38] and whose de¢ciency is
therefore expected to result in a diminished antiox-
idant capacity.
The pathophysiological rami¢cations of the ob-
served alterations in the antioxidative system of
apoE de¢cient at rest and following head trauma
are not fully known. Recent ¢ndings suggest that
apoE de¢cient mice are more susceptible to ischemic
treatment than control mice [43] and that human
subjects with the apoE4 genotype recover less well
from head injury than subjects who lack this allele
[44]. It is possible that these abnormalities are related
to antioxidative/oxidative alterations, similar to those
which are reported in the current study. The basal
neurochemical derangements of the apoE de¢cient
mice prior to head injury are speci¢c in that, for
example, cholinergic but not dopaminergic neurons
are a¡ected in these mice [45]. In view of the recent
¢ndings that the cholinergic system is particularly
susceptible to apoE de¢ciency [45], it will be of in-
terest to determine the antioxidative/oxidative bal-
ance in distinct neuronal populations of the apoE
de¢cient mice and to examine the extent to which
they correlate with the neuropathology of these neu-
rons. In addition, the extent to which distinct anti-
oxidants [46,47] and iron chelators [39] can protect
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the mice from the neuropathological consequences of
apoE de¢ciency remains to be determined.
In conclusion, the present study revealed that
apoE de¢cient mice are in a chronic state of oxida-
tive stress and suggest that the brain antioxidative
mechanism may play a role in the cognitive and neu-
ronal impairments of the apoE de¢cient mice and in
their increased susceptibility to head injury.
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